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ABSTRACT

A reaction norm approach was used to estimate the
genetic parameters of days open (DO) with a model that
accounted for heat stress. Data included DO records for
Georgia, Tennessee, and North Carolina in the South-
eastern United States. A fixed effect model included
herd-year, month of calving (MOC), age of cow, and a
regression on 305-d milk yield. The reaction norm
model additionally included the effect of animal with
random regression on a heat stress index (HI), calcu-
lated as the standardized solutions to MOC derived
from the fixed effect model; the residual variance was
assumed to be a function of the HI. The shape of the
distribution of the HI was close to a sinusoidal function
with the highest value in March/April and the lowest
value in September. Genetic and residual variances and
heritabilities were highest for spring calvings and low-
est for fall calvings. The variance associated with the
random regression of the highest level of HI was 33%
of the genetic variance of the regular animal genetic
effect. Genetic correlation between these effects was
0.67. As a validation, DO data were grouped into 4
seasons of calving and treated as different traits. A 4-
trait mixed linear model that included the fixed effects
listed above except MOC, was used to analyze the
grouped data. In general, the estimates of genetic and
residual variances of the multiple trait analyses fol-
lowed those of the reaction norm model. Genetic correla-
tions of spring with summer, and fall with winter were
both 0.90. Genetic correlations between spring/summer
and fall/winter were around 0.80. The reaction norm
model for DO allows inexpensive genetic evaluation of
fertility under heat stress. Results of such an evaluation
may strongly depend on editing criteria and model spec-
ifications.

(Key words: days open, heat stress index, reaction
norm, random regression model)

Abbreviation key: DO = days open, HI = heat stress
index, MOC = month of calving, NR = nonreturn rate,
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THI = temperature-humidity index, VWP = voluntary
waiting period.

INTRODUCTION

Current emphasis on fertility traits in dairy herds
arises from deterioration in fertility levels as well as
the negative economic implication of this trend on the
profitability of commercial dairy herds. Fertility traits,
in general, have a very high environmental component
and the season (or month) of calving, in addition to the
herd effect, has been identified as a major source of
variation for these traits (Badinga et al., 1985; Caves-
tany et al., 1985; Faust et al., 1988; Ray et al., 1992;
Eicker et al., 1996). Seasonal trends for fertility traits
are well known. Several investigators (Thatcher et al.,
1978; Seykora and McDaniel, 1983; Silva et al., 1992;
Marti and Funk, 1994; VanRaden et al., 2002; Oseni
et al., 2003) have reported that days open (DO) were
longest for spring calvings and shortest for fall calvings
in the United States. This trend was attributed to de-
pressed fertility during the summer, when spring
calvers are ready for rebreeding. High temperatures
during the summer have been implicated for the re-
duced fertility in that season (Wolfenson et al., 2000).
Although the seasonal (phenotypic) trend for DO is well
established, few studies have been done to estimate
genetic parameters of DO across seasons of calving
(Hahn, 1969; Seykora and McDaniel, 1983; Faust et al.,
1989). These authors, using paternal half-sib analyses,
reported that heritability estimates for DO and first-
service conception rate were higher for spring than for
fall calvings, and concluded that genetic differences in
fertility levels are best observed under suboptimal
(stressful) conditions.

The modeling of the genetic component of heat stress
for nonreturn rate (NR) in the Southeastern United
States was conducted by Ravagnolo and Misztal (2002).
They estimated genetic parameters for NR using a
model with a random regression on temperature-hu-
midity index (THI). They reported that the variance of
heat stress was zero at THI = 70 but it was as large as
the general additive variance at THI = 84 for NR at 90
d, indicating that genetic variation in heat tolerance
exists for NR90 d at high levels of THI among Holsteins.
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Table 1. Numbers of records and herds, and means and standard
deviations of days open by state.

State Records Herds Mean SD
Georgia 21,461 206 154 72
North Carolina 28,217 262 151 71
Tennessee 19,042 274 152 71
All 68,720 742 152 72

The model for NR cannot be applied directly to DO
because this trait is not directly associated with a par-
ticular date. The alternative is using an index based
on month of calving (MOC), because such an index
accounts for most of the fluctuations in DO across calv-
ing seasons. This is similar to the reaction norm model,
because the stress index is implemented as solutions
to MOC reparameterized to a scale of 0 (no heat stress)
to 1 (maximum heat stress). The reaction norm ap-
proach is useful when phenotypes change gradually and
continuously over an environmental gradient, and has
been used successfully in the evaluation of animals for
phenotypic plasticity (differences between phenotypes)
across different environments (De Jong, 1995; De Jong
and Bijma, 2002; Kolmodin et al., 2002). The objectives
of this study were to analyze the genetic relationship
between generic (no heat stress) and heat tolerance
effects for DO and to examine changes in genetic param-
eters of DO by MOC using a reaction norm model.

MATERIALS AND METHODS

Fertility data on first-parity calvings of Holstein cows
for Georgia, North Carolina, and Tennessee in the
Southeastern United States were extracted from the
ATPL/USDA database. These datasets spanned a period
of 6 yr (1997 to 2002). A summary of the datasets is
shown in Table 1. In data editing, DO records less than
22 d were not included, and records greater than 22 d
and less than 50 d were set to 50 d. An upper limit of
250 d was set; records of DO greater than 250 d were
set to 250 d. Days open was precomputed and came
with the original data file from the USDA. Details of
the editing of the data, including the computation of
DO are contained in VanRaden et al. (2003). Ages of
cow at calving were defined using 3-mo intervals as
follows: Class 1: < 23 mo; class 2: 24 to 26 mo; class 3:
27 to 29 mo; class 4: 30 to 32 mo; class 5: 33 to 35 mo;
and class 6: 36 to 38 mo. Analyses were restricted to
first-parity records.

Three sets of analyses were conducted on the com-
bined datasets for the 3 states. The first analysis fits a
fixed effects model to DO to generate solutions for
months of calving effect. The model used was:
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Yijk1 = hY1 + mocg; + ageyx [model 1]

+ b(milk) + €ijkl,

where yjji = the observed DO for animal 1 in the herd-
year (hy;) class i (i = 3073), calving in month j (j = 1,
12), belonging to the age-class k (k = 1, 6); b(milk) =
fixed regression on 305-d milk yield; and ej;q = random
error associated with each observation.

Heat stress index (HI) was computed as the standard-
ized solutions for MOC derived from model 1 using the
following formula:

HI; = (s0]; — 80Lyin)/(S0lmax — SOlyin), where sol; is
the least square solution for the jth MOC (§ = 1, 12);
S0l in and sol,.x are the minimum and maximum
solutions for MOC, respectively.

Seasonality of calving was defined as follows:

Seasonality of calving =
(number of calvings in the jth MOC)/(number of
calvings in the MOC with the maximum calvings).

The second analysis fits an animal model augmented
by a random regression on HI as follows:

Yijkimn = hyi + moc; + agey [model 2]
+ b(mllk) + agr + anhm+ €ijklmn>

where yijimn = observed DO for animal I in the herd-
year class i, calving in the month j, belonging to the
age-class k, and level m of the HI; hy;, moc;, agey, and
b(milk) are as defined in model 1; ag represents the
usual additive merit of cow 1 (1 = 1 to 68,720); h,, is the
HI function (1 <m < 12) and represents the explanatory
variable in the reaction norm model; a;; can be interpre-
ted as the additive linear effect of heat tolerance of cow
1, and ejjiimn = the random error associated with each
observation. For this model, residual variances were
treated as heterogeneous, using the heterogeneous re-
sidual variance option of the AIREMLF90 package
(Misztal et al., 2002) as modified by Tsuruta et al.,
(2003).
The (co)variance structure for model 2 is:

ag AUEO AUaO,al
Var = 9
a Ao'aO,al Ao'al
Var(e) =R = diag{Inlogllﬂagg, ........ ,Inlgo'glz}

where A is the genetic relationship matrix among ani-
mals, and o2, 02, and 00,21 Tepresent the additive ge-
netic variances for the generic (no heat stress) and heat
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tolerance effects for DO and their covariance respec-
tively; R is a diagonal matrix of heterogeneous residual
effects partitioned for each MOC; I,;0%;, I 002,
Iny902%5 represent the identity matrices for the residual
variances for each MOC with appropriate dimensions,
and n = number of records for each MOC. The heat
tolerance effect determines the relative change in the
fertility status of the cow for each unit increase in the
HI function (Ravagnolo and Misztal, 2002).

A third analysis used data subsets based on seasons
of calving as follows: Winter (December to February);
spring (March to May); summer (June to August); and
fall (September to November). A 4-trait model based
on seasons was fit as follows:

Vit = hyie + age;j; + b(milk) [model 3]
+ axt t €jjkit,

where yijj; = observed DO on cow 1 for trait t (t =1, 4
for winter, spring, summer, and fall, respectively) in
the herd-year class i in the age-class j; all other effects
are as previously defined.

The (co)variance structure for model 3 is:

2
a Aaal Aa2111612 AUala3 Aaala14
2
v a, A0a2a1 Aaa12 Aaaza13 Aaaz?14
ar = 9
ag Aaa?)a1 AaaBaZ Aaz13 A(faga14
ay 2
Aaa4a1 Ao, 42 A0a4a X AJ214

and
031 0 0 0
0 022 0 0
Var(e) =R = 0 0 Jgg o I
0 0 0 024
where ay,....., a, represent the additive genetic merit of

the animal in winter, spring, summer, and fall, respec-
tively, A is the genetic relationship matrix among ani-
mals; and 02y,....., 024 and 0,1 42+, Ta1.04 TEPresent the
additive genetic (co)variances for DO in the different
seasons of calving. For all the models, (co)variance com-
ponents were estimated using the Average Information
REML procedures via AIREMLF90 (Misztal et al,
2002).

RESULTS AND DISCUSSION

Figure 1 shows the plot of least square means of DO
by month of calving. Days open were longest for March/
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Figure 1. Least square means of days open across months of
calving using combined data from 3 states.

April (spring) calvings, and shortest for September (fall)
calvings, in agreement with reports in the literature
(Gwazdauskas, 1985; Marti and Funk, 1994). Spring
calvings are associated with prolonged DO for the fol-
lowing reasons—intentional delay by the farmer due
to poor conception in the summer period when spring
calvers are being rebred, or lengthened voluntary wait-
ing period (VWP) (Badinga et al., 1985; Cavestany et
al., 1985; Eicker et al., 1996). Differences between sea-
sons are also shown by the distribution of records across
calving seasons (Figure 2). For fall, winter, and summer
calving DO records, highest frequencies were at 70, 80,
and 100 d postcalving, respectively. Furthermore, the
rate of decline differs for the 3 seasons. It was steep
for winter calvings and slow for summer, and fall re-
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Figure 2. Frequency distribution for days open up to 250 d by
season of calving for combined data from 3 states (SP = spring, WIN =
winter, SU = summer, and FA = fall calvings).
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Figure 3. Least square means for days open as deviations from
September calving means for Georgia (GA), Tennessee (TN), and
North Carolina (NC).

cords were intermediate. In sharp contrast, spring calv-
ing records had double peaks at 65 and 215 d, corres-
ponding to the peaks for cows conceiving pre- and
postsummer, respectively. Oseni et al. (2003) have
shown that spring MOC have a bimodal distribution
for DO, due perhaps, to prolonged VWP, intentional
delay, or poor fertility in the summer, when winter and
spring calvers are being rebred.

Figure 3 shows the least square means of DO for each
MOC as deviations from September calvings. The range
of DO across all MOC was 50 d, implying that, on aver-
age, cows calving in March remain open 50 d longer
than those calving in September, for these 3 states. The
grouping of MOC into seasons of calvings (Table 2)
shows that spring calvings recorded longest DO, fol-
lowed by winter calvings, whereas summer and fall
had the shortest DO intervals. Marti and Funk (1994)
reported similar findings. Results also indicate that, on
average, cows calving in spring were open for about 36
d longer than those calving in the fall. Ray et al. (1992)
reported a range of 28 d for spring calvers in Arizona,
and Seykora and McDaniel (1983) reported that spring
calvings were open 17 d longer than fall calvings in

Table 2. Number of records, least square means, standard deviations,
and mean deviations! of days open across calving seasons.

Deviations
Season Records Means SD from fall®
Winter 17,539 150 77 20
Spring 15,783 166 70 36
Summer 16,199 139 65 9
Fall 19,199 130 70 0
All 68,720 152 72 22

IFall calvings used as a baseline.
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Figure 4. Seasonality of calving for Georgia (GA), Tennessee (TN),
and North Carolina (NC).

North Carolina herds. Disparities in literature reports
are expected due to time trends; for example, Washburn
et al. (2002) have shown that mean DO changed drasti-
cally over time from 125 d in 1983 to 170 d in 1999 for
states in the Southeastern United States.

The seasonality of calving defined approximately as
the number of calvings in the jth MOC as a proportion
of the number of calvings in the fall (Figure 4) also
showed seasonal trends. The highest number of calv-
ings occurred in September (corresponding to successful
December/January or winter matings), whereas the
lowest number of calvings was in May (corresponding
to successful July/August or summer matings of the
previous year). High THI in the summer in the South-
eastern United States and its effects on fertility and
pregnancy rates may explain the disparities between
seasons in the frequencies of calvings (Wolfenson et
al., 2000).

The HI function is shown in Figure 5. This function
has a range of 0 (no heat stress, or best MOC) to 1
(highest level of heat stress, worst MOC). This function
was calculated using the least square means of DO for
each MOC and it represents the explanatory variable
in the reaction norm model (model 2). Despite the fact
that some information in the dependent variable (DO)
is included in the explanatory variable HI, this model
has been successfully applied in several studies on phe-
notypic plasticity across different environments (De
Jong, 1995; De Jong and Bijma, 2002; Kolmodin et al.,
2002). With respect to fertility, an advantage in this
approach is the fact that calving seasons (or the envi-
ronment) can be categorized as synergistic, antagonis-
tic, or nil in the expression of the trait DO, because of
differences in the level of heat stress between seasons.
Also, because of differences in the level of seasonal heat
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Figure 5. Heat stress index based on the least square means
for days open across months of calving using combined datasets for
3 states.

stress between regions, the HI function is expected to
vary between regions in the United States.

Figures 6 to 8 show the residual and additive genetic
variances and heritability estimates derived from the
random regression model (model 2) and multiple-trait
model (model 3). Both models showed seasonal fluctua-
tions in all 3 parameters of interest. Estimates for
model 3 showed greater spread in variances and herita-
bilities. The highest genetic variance from model 2 was
for March/April calvings and the lowest estimates were
for fall (September) calvings, whereas model 3 esti-
mates for genetic variance showed a steady decline from
winter through spring and summer, with lowest esti-
mates in the fall calving season. Variances in the ran-
dom regression model (model 2) are restricted by the
shape of the HI function, although the restrictions could
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Figure 6. Estimated residual variances from random regression
model (RRM, model 2) and multiple trait model (MTM, model 3)
across calving seasons using combined datasets for 3 states.
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Figure 7. Estimated additive genetic variances from random re-
gression model (RRM, model 2) and multiple trait model (MTM, model
3) across calving seasons using combined datasets for 3 states.

be lowered if the model was extended to second-order
regressions, for example. On the other hand, variances
in the multiple-trait model (model 3) cannot change
within traits. This model has many more parameters
resulting in larger sampling variances. The genetic cor-
relation between the regular and heat stress effects
from model 2 was 0.67. The correlations between sea-
sons (from model 3) ranged from 0.78 to 0.90 (Table 3).
These correlations indicate that the ranking of animals
showed small changes across different calving seasons.
This contradicts the results of Ravagnolo and Misztal
(2002) for NR at 90 d, where the correlations were nega-
tive. In an unpublished study, we used the same model
for pregnancy rate, a trait that places higher emphasis
on lower DO. In that study, the correlations were nega-
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Figure 8. Heritability estimates from random regression model
(RRM, model 2) and multiple trait model (MTM, model 3) across
calving seasons using combined datasets for 3 states.
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Table 3. Genetic correlations between days open in different sea-
1
sons.

Season Spring Summer Fall
Winter 0.84 0.82 0.90
Spring 0.90 0.83
Summer 0.78

1Seasons were defined as follows: Winter = December—February;
Spring = March—May; Summer = June—August; Fall = September—
November.

tive. One possibility is that the analyses with DO were
influenced by management interventions that resulted
in large DO. Such interventions could be intentional
delay in breeding, especially for high-producing cows,
or different applications of synchronization of estrus/
ovulation protocols during different seasons. The seem-
ing contradiction with NR and pregnancy rate results
may reflect the problems associated with the calcula-
tions of these 2 variables in different seasons. Preg-
nancy rate, for example, assumes a standard VWP,
which may not be the practice at all for breedings in
spring and fall in herds in Georgia, Tennessee, and
North Carolina. Nonreturn rate assumes that cows are
rebred continuously; in reality, cows may be rebred
twice for spring calvings before the farmer stops for the
summer, whereas he would continue to rebreed fall
freshening cows until they become pregnant.

Seasonal difference in genetic variations for DO is
shown from the results of both models. This is further
validated by the estimates for heritability (Figure 8).
Both models show similar estimates for heritabilities
across calving seasons. Heritability estimates were
highest for spring calvings (6%) and lowest for fall (2
to 3%). These estimates indicate that the seasonal fluc-
tuations in DO have some genetic component, with the
implication that sires could be selected for lower sea-
sonal DO. These results agree with previous studies
(Seykora and McDaniel, 1983; Faust et al., 1989). Sey-
kora and McDaniel (1983) reported heritability esti-
mates of 9 and 5% for spring and fall calvings, respec-
tively, supporting the argument that environmental
stress enhances the expression of genetic variability. A
similar conclusion was drawn by Faust et al. (1989),
who reported that heritability estimates from paternal
half-sib analysis for first-service conception rate for
warm season were 2x higher than estimates for cooler
seasons. These authors also noted that sires changed
ranks more often than predicted by inheritance and
suggested a sire x season interaction for first-service
conception rate.

The usefulness of DO for heat stress studies is limited
without additional comprehensive information on pre-
cise mating dates, length of VWP, persistency of mat-
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ing, preferential husbandry, and reproductive protocols
(e.g., synchronization of estrus, timed AI). Prolonged
DO under heat stress could have occurred for many
reasons and these were neither available nor accounted
for in this study. Thus, highly productive cows may
have artificially low evaluations under heat stress.

CONCLUSIONS

The reaction norm model allows inexpensive genetic
evaluation for DO under heat stress, because it does
not require the collection and analysis of weather infor-
mation or detailed fertility data. However, its use-
fulness is, in large part, conditioned by the availability
and quality of the recorded fertility data. Seasonal fluc-
tuations in DO have a genetic component; therefore,
selection of sires for lower seasonal DO may be possible.
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